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By Frederick W. Schulze a d  W i l l i a m  R. Prince 
SUMMARY 
Performance characteristics of the compressor, combustor, and tur- 
bine operating as integral camponents .of the XT38-A-2 turboprop engFne 
were determined in the NACA Led altitude wind tunnel over a range of 
altitudes and flight Mach numbers corresponding t o  a range of campressor- 
inlet  Reynolds nuniber indices f r o m  0.18 to 1.04. The engine, equipped 
with a standard-area exhaust nozzle, was run  Over a wide range of power 
settings with independent control of propeller and fue l  flow. 
!I!he performance of the carnpressor and turbine is presented in  con- 
ventional c-nent maps, while caibustor perfonmace is shown as a 
function of various combustion parameters. N e a r  the design flight con- 
dit ion of the engine (altitude, 15,000 ft ;  f l ight  Mach number, 0.347) 
and at rated engine conditions, corrected air  flow was 29.35 pounds per 
second, compressor pressure r a t i o  was 6.8, ccurpressor efficiency w a s  
0.80, conibustian efficiency was 0.99, and over-all expansion efficiency 
was 0.825. Up t o  the design flight condition, there were no Reynolds 
nuniber effects on cohnponent performance at rated engine conditions. 
Decrease in  the  efficiency of the components with fncrease in al t i tude 
beyond 15,000 feet was appreciable and could result i n  serious loss i n  
horsepower output. 
An investigation m a  conducted i n  the NACA Lewis al t i tude wind tun- 
nel t o  determine the over-all performaace, ccpnponenk performance, and 
operational characteristics of an XT38-A-2 turboprop engine. The over- 
all performance and operational  characteristics axe reported in  refer- 
ence 1. The performance of the cmponents (compressor, combustor, tur- 
bine) is reported herein. 
The over-all performance w-as investigated over a wide range of 
simulated flight conditions. Data were chosen for presentation In this 
report to demonstrate the  effect of the maximum variation of Reynolds 
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nrmibers on comgonent performance. The simulated flight conditions 
ranged from altitudes of 5OOO t o  45,000 feet  at an average f l ight  Mach 
nuniber of 0.30. The engine,  quipped with a standard-area exhaust noz- 1 
zle, was run over a wide range of power sett.Fngs by means of- independent 
control of propeller pitch and fuel  flow. The performance characteris- 
t i c s  of the campressor and turbine cunrponents are presented i n  the form 
of conventional component performance maps. Data frcan these maps were 
used t o  Show the effect of al t i tude on component performance. Conibustor 
performrtnce is presented as a function of various combustion p a m t e r s .  
A tabulation of comgonent performance data f o r  the range of f l ight  con- 
ditions is &la0 included. 
As shown by the views of the installation In figures l(a) and (b) , 
the engine was mounted on a thin w h g  section spanning the 20-foot- 
diameter test  section of the wind tunnel. The length of the engine from 
the foremost end of the propeller shaft to   the  exhaust-nozzle outlet is 
157 inches; the maximum diameter of the engine mount is 375 hches; and 
the specially f i t ted three-blade variable-pitch propeller is 13 feet in 
diameter. The net dry wei&t of the engine, including power section, 
gearbax, control, torquemeter, and f l igh t  frame, but without propeller, 
is approximately 1660 pounds. . The nominal mili tary  static  sea-level 
rating is 2520 shaft horsepower and 603 pounds of jet thrust at the rated 
engine speed of 14,300 rpm and turbine-inlet temperature of 2060° R .  
For a 100-percent-normal  cont%nuous operating  condition, the turbine- * 
inlet temperature is 1960' R. The engine vas designed for operation at 
an alt i tude of 15,000 feet and a flight Mach number of 0.347. 
1 
II 
The 19-stage axial-flow cornpressor (fig. l ( c )  has a rated, speed of 
14,300 rpm, a ro to r   t i p  diameter of 14.72 inches, a relat ive  t ip  inlet 
Mach number of 0.755, and a hub-tip radius ratio at the   f i r s t   ro tor  of 
0.498. The eight cylindrical direct-flow corribustors, which u t i l i ze  
duplex fuel nozzles and two spark plugs, comgrise a t o t a l  flaw area of 
1.12 square feet. The four-stage turbine has a design inlet temperature 
of 2060° R, a nozzle flow mea of 0.21 square foot, a f i r s t - s tage   t ip  
diameter of 16.41 inches, and a fourth-stage t i p  diameter of 18.10 
inches. A cross-sectional view of the engine, showing the location of 
these component6 and the instrumentation used, is given in figure l fd )  . 
Details of the instrumentation stations are shown i n  the diagrams of 
figure l(e). 
The engine speed was measured by a stroboscopic tachometer. Engine 
torque was determined from as electronicaUy measured tors iona l  deflec- 
tion of a given portion of the shaft between the power section and the 
reduction gearbox. The torque measurement is believed t o  be accurate 
withfn 20 f0ot-poUd.S. I 
. 
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The performance characteristics were obtained for each of the engine 
components operating as an integral part of the engine. Flight condi- 
tions were simulated on the  basis of the canpresetor-Wet t o t a l  pressure 
and tmperature   to  eliminate the effect  of inlet duct losses on engine 
performance. Actual engine speed w a s  varied between about 94 and 104 
percent of rated speed. A t  each engine speed, the turbine-inlet temper- 
ature was varied over a wide range. Tunnel-test-section velocity was set 
t o  glve the desired ram pressure  ratio based on compressor-inlet t o t a l  
pressure and free-stream static pressure. Because of the large heat load 
imparted by the tunnel fan,  adequate ref rigeratian'was not avaflable t o  
give engine-inlet tsnperatures of NACA standard  values  for each flight 
condition. As a result,. engine-inlet temperatures were as mch as 40' F 
higher than the desired values. Fuel used durtng the investigation w a s  
clear  gasoline having a lower heatFng value of 18,925 Btu per pound and 
a hydrogen-carbon ra t io  of 0.182. Spfbols and m e t h o d s  used t o  compute 
the component performance are presented In appendlxes A and B, respectively. 
Inasmuch a8 some deterioration in performance occurred during the 
course of the investigation, the the at which various p a d s  of the data 
were obtained FS significant. Accordingly, the engine operating t h e  at 
each flight condition  investigated is presented in the following table: 
A propeller  vibration  study &E made Wing the first 20 hours of engine 
operation. A t  the campletion of the vibration study, the compressor 
blading was found t o  be slightly nicked. The nicks were honed out; and, 
during the next 85 hours of engine operation, steady-state data were . 
taken with an interruption  for a change in turbine assembly at an engine 
time of 83 hours. The canrponent performance data are presented i n  
table I. 
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Compressor Deterioration 
During the i n i t i a l  phases of the program, a deterioration of the - 
compressor perforpgmce .yas observed. As shown in figure 2, this deter- 
ioration took place during the firrjt 20.  hours -of-Girse operation, d t e r  . - " " 
which there appeared t o  be l i t t le additional deterioration. The prin- 
cipal effect of the deterioration was a reduction Fn air flow; l i t t l e  
variation of-compressor efficiency with time was observed. The air-flow 
reduction w a s  probably caused by a conibbtion of nicked blades and dirt 
accumulations on the blades and passage w a l l s ,  which resulted in  changed 
aerodynamic characteristics. . The air-flow reduction was reflected In 
reduced pressure &ti0 at constant  corrected  turbine-inlet temperature. 
The reduction i n  compressor performance dwing the first 20 hours of 
operatian is in agreement with the over-all engine performance deteriora- 
t ion discussed i n  reference 1. Subsequent compressor performance results 
and discussion will involve only data  obtained  after 20 hours of engine 
operat  ion. 
Effect of Turbine Change 
On disassembly of the engine f o r  periodic inspection, damage of the 
turbine labyrinth seal necessitated a change of turbine section. Although 
there appeared t o  be no discernible  deterioration of turbine performance 
with time, changing turbine sections had a slight effect on performance, 
as shown in  figure 3. Tmbine B. exhibited expansion efficiencies 
12 percent higher than those ,of turbine A .  Expansion pressure ratio and 
gas flow remained unchanged.  Because the turbine-outlet total-pressure 
measurements  were unreliable;  the  pressure  ratio  presented here and i n  -I 
the performance maps was calculated by using the turbine-inlet t o t d p r e s -  
sure Pq and the  test-section  static  pressure po (complete expansion). 
An adiabatic  efficiency which was calculated #Yarn this pressure  ratio is 
designated expansion efficiency far both the turbine and exhaust-nozzle 
sections. The change In turbine performaqce shown i n  figure 3 resulted 
in  improved engine performance (ref. 1). Because of this change in- tur -  
bine performance, the turbine used in  producing the over-all turbine 
operating map for -each altitude and i n  sharing the effects of altitude 




Conventional compressor performance maps are shown Fn figures 4(a) 
t o  (e> for each flight condition reported. Compressor stall and surge 
l ines were not determined. At an altitude of 15,000 feet  and a Mach 
n&er of 0.30, a condition near the aerodynamic design flight condition 
(fig.  4(b]),  the compressor efficiency was 0 .€?Q at  rated engine speed 
and turbine-Met  temperature, while the campressor pressure ratio WRB 
6 . 8  and the corrected air flow was 29.35 pounds per second. 
" 
. 
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The variation of carnpressor performance with alt i tude (Reynolds 
number Fndex) is shown for  several speeds and pressure  ratios i n  figure 
5. Compressor efficiencies at a corrected engine speed of 14,400 r p m  
exhibited a maximum drop of 4 points and corrected air flow decreased 
approximately 0.4 pound per second as compressor-inlet Reynolds number 
index was reduced frm 0.86 to 0.3. For higher corrected engine speeds, 
variation Fn Reynolds number index had a W e r  effect on campressor 
performance . 
Ccmibustor Performance 
Performance of the conibustor is presented in figures 6 and 7. 
Ty-pical combustor plots showing the effeot of alt i tude on efficiency and 
total-pressure loss ra t io  are  shown in figure-6.  The total-pressure loss 
through the conibustor (fig. 6fa))  was froan 4 t o  6 percent of conbustor- 
Wet total   pressure over the range of temperature ratios shown, the lower 
loss accompanying the higher temgerature rat io .  No discernible effect of 
pressure level o r  alt i tude was present. Failure of combustion efficiency 
to   correlate   for  all altitudes on the basis of the conventional parameter 
Wa,lT4 is  i l lustrated in figure 6(b). The lack of generalization, 
especially at the higher altitudes, indicates a primary effect of fuel- 
air  r a t i o  (or turbine-inlet temperature] on efficiency. Accordingly, the 
effect of fuel-air   ra t io  on efficiency is presented in  figure 7 for  the 
altitudes investigated. Because there was no observed effect  of engine 
speed on combustion efficiency, the curve for each altitude represents 
the average efficiency over the entire operable range of engine speeds. 
In addition  to normal decrease in efficiency with increased  altitude, 
there was an appreciable reduction in efficiency as fuel-air   ratio was 
decreased, the variation becoming more pronougced at high altitudes. 
For example, decreasing fuel-air ratio frm 0.017 t o  0.009 [corresponding 
t o  a decrease in  corrected turbine-inlet temperature from approx. 2$oO0 
t o  1600° R) resulted in a decrease i n  efficiency of 0.025 a t  an alt i tude 
of 5000 feet, as cornpazed w i t h  a decrease of 0.075 at an alt i tude of 
45,000 feet .  The maxFmum combustion efficiency was 0.99 at a fuel-air 
ra t io  of 0.017. 
Turbine Performance 
Conventional turbine performance maps are shown in figures 8Ca) t o  
[e). Because the absolute values of expansion efficiency are not the 
same as absolute values of turbine efficiency, the expansion efficiency 
is presented  only t o  show the trend of the turbine performance with alti- 
tude. The accuracy of the torque measurement permits accuracies of ex- 
pansion efficiency  within 0.015 st  the 35,CUO-foot a l t i tude and within 
0 -030 at the 4 5 , m - f O O t  al t i tude.  With turbine A, the region of maximum 
expansion effkiency occurred at corrected turbine speeds between 7000 
and 7800 m, w h i l e  with turbine B the best operating region shifted to 
6 WCA RM E5-4 
t 
E200 r p m  and above. Corrected turbine speed.for rated engine conditions 
is about 7200 rpm. Expansion efficiency had a maximum value of 0.825 
at an altitude of 5ooo feet  (fig. f3(a)). A t  a given altitude, expansioq - 
efficiency varied only about 0.015 t o  0.03 over the  entire  operating 
region. 
Variation of the performance of turbines A and B with  turbine-inlet 
Reynolds number index is given in figure 9 f o r  several speeds and pres- 
s m  ratios. Corrected turbine gas flow decreased only slightly as 
Reynolds number hdex was decreased from 1.15 t o  0.23. The efficiency 
of turbine A decreased from about 0.82 t o  0.76 as Reynolda n&er index 
decreased from 1.15 t o  0.43, while the efficiency of turbine B decreased 
frm about 0.815 t o  0 - 77 as Reynolds number index decreased from 0.89 t o  
0.24. These reductions in expansion efficiency with Reynolds nrrmber 
htiex are  greater than observed for other turbines but do not seem un- 
reasonable In view of the geometry of t he   t u rb ine   ms t - s t age  nozzle 
chord dimension of approx. 0.90 in.), which results in turbine operation 
Fn a ~ .  absolute Reynolds nuuiber region much below that of larger  turbine 
engines. However, some question as t o  the actual mgnitude of-the effect 
of Reynolds number on the turbine performance admittedly exists because 
of the torquemeter inaccuracy previously mentioned and of the inabili ty 
t o  separate the turbine performance from the exhaust-nozzle performance. 
Effect of Altitude on Integrated Cmponent Performance 
The effect.09 altitude on the performance of the cumpressor, can- 
bustor, and turbine fbr 100-percent-normal engine power (engine speed, 
14,300 rpm; turbine:inlet temperature, 1960° R) is shown in  figure lo. 
The reduction of ab ien t -a i r  temperature with an increase in  altitude c 
from sea level t o  45,000 feet  results in &z1 increase i n  corrected engine 
speed at a flight Mach number of 0.30 f r m  appr-tely 99 t o  I l 4  per- 
cent of rated and an increase in corrected turbine-inlet temperature from 
98 to 130 percent of rated. These variations ccuibine the effects of cor- 
rected engine speed, pressure ratio, and Reynolds nuniber on ccmponent 
performance. For the stated altitude variation, corrected air flow in- 
creased about 2- pounds per second as a result of the corrected-speed 
increase. Expansion efficiency decreased 4 percentage points as a l t i -  
tude increased from sea level t o  35,000 feet, while compressor effl- 
ciency decreased 9 percentage points. The loss of compressor and Wrbine 
efficiency (especially compressor) i n  a turboprop engine would result i n  
a serious loss i n  shaft horsepower, as is shown i n  reference 1. Although 
an increase in alti-tude was previously shown to have an effect on canibus- 
tion efficiency, this effect was offset by increased fuel-air-ratio oper- 
ation with altitude, which had a beneficial effect on efficiency. Aa a 
result, combution .efficiency -at an alt i tude of 45,000 feet  w88 only 3 
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A t  altitudes below design flight condition of the XF.38-A-2 turbaprap 
engine (altitude, 15,000 f't; flight Mach number, 0.3471, there were no 
Reynolds nuniber effects on camponent performance at rated engine condi- 
tions. Above 15,000 feet, decreases in the efficiency of the collIponents 
would result in  serious loss in over-all engine output. N e a r  the design 
point and at rated engine conditions, ccmpressor efficiency was 0.80, 
pressure  ratio was 6.8, and corrected air  flow was 29.35 pounds per sec- 
ond. Operation a t  reduced compressor-inlet Reynolds nuuiber index resulted 
in the usual decrease i n  efficiency and corrected air flow for  operation 
near  rated  corrected speed, but had a l e s s  pronounced effect  on compres- 
sor performance as corrected engine speed was raised. 
Ccanbustion efficiency, which reached a maximum of 0.99, did not 
generalGe with the conventional parameter W,,lT4 because of a primary 
effect of fuel-air ra t io .  The increase of conibustion efficiency with 
fuel-air r a t io  was most pronounced at  high altitudes. A 4- t o  6-percent 
loss in t o t a l  pressure occurred in the conibustor regardless of altitude. 
A t  rated engine conditions, the original turbine had a maximum value of 
expansion efficiency of 0.825 at an alt i tude of 5000 feet and a flight 
Mach nuLdber of 0.30. Operation at reduced turbfne-inlet Reynolds number 
index resulted i n  decreases in efficiency at a l l  regions of operation. 
Lewis Flight  Propulsion Laboratory 
National Advisory Committee for Aeronautics 

























cross-sectional.  area,  sq ft 
f uel-air  rat io 
acceleration  due  to  gravity, 32.2 ft  fsec 2 
enthalpy,  Btu/lb 
mechanical  equivalent of heat, 778 ft  -lb/Btu 
Machnmber . 
. .. - . . . . . . . . 
engine speed, rpm 
total pressure,  lblsq f% abs 
static  pressure,  lb/sq ft abs 
torque  measured  by  torquemeter, ft- lb 
ga8 constant, 53.4 f-b-lb/(lb)(?R) 
tot&  temperature., OR 
toquemeter-measured  horsepower 
air flow,  lb/sec 
air leakage from burner-dame  rings and cross-over tubes, lb/Bec 
air leakage  from  carpressor  and turbbe bearing  labyrinth, 
Ib/sec 
fuel flow, lbfhr 
gas flow, lb f sec 
specific-heat  correction, 1.4 
Y 
-
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Y r a t i o  of specific  heate - 









e temgerature-correction  factor, &; at caqressor- - 
inlet conditions where y =I 1.4, 8 = Tj519' R 
Yc relative  pressure  function Fn ref .  2 
cp viscosity-correction factor,  r a t i o  of absolute  viscosity of air  
to absolute  viscosity of air at NAW standard  sea-level 
temperature 
&&scripts: 





- i Isentropic 
t tu rbhe  and exhaust nozzle 
0 tunnel test section 
1 cowl M e t  
2 compressor in le t  
3 compressor outlet, combustor inlet 
4 ccadbustor outlet,  turbine -et 
6 exhaust nozzle 
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The data  are  generalized by the following parameters: 
nht f 64 cocected turbine  nthalpy drop, BtuIlb 
@I& corrected engine speed, rpm 
N / f l  corrected  turbine speed, rpm 
%/e2 corrected  turbine-inlet t o t a l  temperature, % 
%, $4 canibustor flow . .  parameter, (lb 1 (%)/set 
corrected  coqpressor air flow, lb/sec 
corrected turbine gas flow, lb fsec 
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MElpHoDs OF CXCCUWTIoN 
Air flow. - A i r  flow was determined from pressure and temperature 
measurement6 at the cowl inlet by use of the equation 
wa,1 = P A  
from the burner-he rings 
114 of 1 percent of wa, 1. 
'Ehe l u g e  from the compressor and turbine bearing labyrinth Wa,ctz 
was measured and found t o  be approximately I percent of. Wa,l. Leakage 
and cross-aver tubes Wa,~ was &smd t o  be 
The gas flow through the turbine w a s  
W f  - W a J c t f  - 0.0025 wa 1 -I? - > 3600 
Torquemeeer horsepower. - The torque, measured by the torquemeter, 
along with the llheasured engine speed, was used to calculate torquemeter 
where sc = 3.1416. 
Temperatures. - The arithmetic averages of the indicated temgeratures 
a t  the cowl inlet  and compressor outlet were accepted as the t o t a l  temger- 
atures at those stations. A standard thermocouple recovery factor of 0.85 
was applied, however, to   the  average of the ind ica t ed   t qe ra tu re s  at the 
exhaust nozzle. This latter total temgerature was taken as the fxrbine- 
outlet temperature. Because thermocouples could not b& relied on at the 
turbine inlet, use of  the torquemeter horsepower w a s  required i n  calculat- 
ing the turbine-inlet temperature. The turbine enthalpy drop equals the 
sum of the compressor enthalpy r i s e  and the enthalpy rise equivalent t o  
the power output, as follows : 
Then the  turbine-inlet temperature cazl be determined from the h o r n  value 
of hA - and enthalpy - charts. 
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Efficiencies . - Ccerrpressor efficiency was calculated  wlth the aid 
of gas tables (ref. 2) giving enthalpy and relative pressure function 
IC a a function of temperature. The isentropic enthalpy rise was 
determined, since 
p3 “3 = - P2 
from which  3,i waa found, and 
h3,i - hl 
% h3 - hl 
C d u s t o r  efficiency was calculated from known values of inlet and 
outlet temperatures of the combustor: 
Wf/3600 
‘a, 1 
where f = e.ud 18,925 Btu per pound 
of the fuel. 
Brpansion efficiency of the  turbine and 
determined by the equation 
T6 1 ”  
T4 
q t  = 
1 - ($t 
is the lower heating value 
section was 
where Tt fs based on the average turbine temperature and the fuel-air 
rat io .  
Reynolds number index. - l3.e ratio of the Reynola number to the 
sea-level Reynolds number fo r  a given compressor or turbine Mach number 
is herein defined as the Reynolds number index: 
Reynolds number index = - 6 
( P I P  
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TABLE I. - COMPONENT PERFORMANCE DATA 
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TABLE I. - Concluded. COMPONENT PERFORMANCE 
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(b) Front view of engine Installation. 
Figure 1. - Contlnuea. Installation and instrumentation of 333-A-2 turboprop engjnet. 
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(a) mine cross section showing instmentation stations. 
Figure 1. - ConZ;inued. Installation and instrumentation of XT38-A-2 turboprop engine. 
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(e)  Schematic diagrama of instrumentation  stations mewed from upstream. 
Flgu-e 1. - Concluded. Imtallatlon and Instrumentation of lrm8-A-2 turboprop  engine. 
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Figure 2. - Effect of engine operating time on compressor performance. 






Figure 3. - Comparison of turbine performance for two similar 
turbines. Altitude, 25,000 fee t ;  flight Mach number, 0.29) 
average corrected engine speed, L5,550 rp .  
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Corrected air flow, Way 1-/82, lb/sec 
(a) Altitude, 5000 feet.  Compressor-inlet Reynolds number index, 0.864 
up to 15,000 rpn; 1.038 above 15,000 rpn. 
Figure 4. - Compressor  performance maps. Flight  Mach number, 0.30. 
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(b)  Altitude, L5,ooO feet.  Compressor-.$nlet Reynolds  number 
index, 0.670. 





( e )  Altitude, 25,000 feet. Compressor-inlet Reynolds 
number index, 0.482. 
Figure 4. - Continued. Compressor performance maps. 
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(d) Altitude, 55,000 feet. Cmpresacr-Inlet Reynolds number. 
index. 0.306. 
(e) Altitude, 45,000 feet. , Compressor-inlet Reynolbs number 
Index, 0.182. 
Figure 4. - Concluded. Compressor perfarmance maps. F l i g h t  
k c h  number, 0.30. 
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Figure 5 .  - Effect  of Reynolds number index on compressor performance. 




Combustor temperature ratio, T4/T3 
(a)  Variation of combustor total-pressure 1088 ratio u3th com- 
bustor temperature ratlo. 
(b) Variation of combustion efficiency with cornbution parameter WarlT4. 
Figure 6. - Typical combustor plots  showing effect of a l t i tude .  P l i g h t  
Mach number, 0.30. 
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Figure 7. - Effect of fuel-air  ratio on combustion eff ic iency 
f o r  several  a l t i tudes.  Flight Mach number, 0.30. - 
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(a) Altitude, 5000 feet) turbine A. 
Figure 8. - Turbine  performance maps. Flight  Mach 
number, 0.30. - 
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(b) Altitude, 15,000 feet3 turbine B. 
Figure 8. - Continued.  Turbine performance maps. 
Flight Mach number, 0.30. 
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Turbine weight-flow parameter, 
(c) Altitude, 25,000 feet;  turbine A. 
Figure 8. - Continued.  Turbine  performance maps. 
Flight Mach number, 0.30. 
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(e) Altitude, 45,OOO feeti  turbine B. 
Figure 8. - Concluded. Turbine  performance map. 
Flight Mach number, 0.30. 
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Figure 9. - Effect of Reynolds number  index on turbine performance. 
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Altitude, f ' t  
Figure 10. - Effect of altitude on compressor,  combustor, and 
turbine  performance.  Flight Mach number, 0.30. Normal 
(continuous)  power  condition:  engine  speed, 14,300 rpm; 
turbine-inlet  temperature, 1960' R. 

